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Abstract: 1 2
Understanding how new species arise through the progressive establishment of reproductive isolation 3 barriers between diverging populations is a major goal in Evolutionary Biology. One important result 4 of speciation genomics studies is that the genomic regions involved in reproductive isolation frequently 5 harbor anciently diverged haplotypes that predate the reconstructed history of species divergence. 6 The possible origins of these old alleles remain highly debated, since they relate to contrasted 7 mechanisms of speciation that are not fully understood yet. In the European sea bass (Dicentrarchus 8 labrax), the genomic regions involved in reproductive isolation between Atlantic and Mediterranean 9 lineages are enriched for anciently diverged alleles of unknown origin. Here, we used haplotype-10 resolved whole-genome sequences to test whether divergent haplotypes could have originated from 11 a closely related species, the spotted sea bass (Dicentrarchus punctatus). We found that an ancient 
Author summary 24
Speciation is often viewed as a progressive accumulation of reproductive isolation barriers between 25 two diverging lineages through the time. When initiated, the speciation process may however take 26 different routes, sometimes leading to the erosion of an established species barrier or to the 27 acquisition of new speciation genes transferred from another species boundary. Here, we describe 28 such a case in the European sea bass. This marine fish species has split 300,000 years ago into an 29
Atlantic and a Mediterranean lineage, which remained partially reproductively isolated after 30 experiencing postglacial secondary contact. For unknown reasons, genomic regions involved in 31 reproductive isolation between lineages have started to diverge well before the split. We here show 32 that diverged alleles were acquired by the Atlantic lineage from an ancient event of admixture with a 33 parapatric sister species about 80,000 years ago. Introgressed foreign alleles that were locally driven 34
Introduction

41
Speciation is the evolutionary process that leads to the emergence of new species through the 42 progressive establishment of Reproductive Isolation (RI) barriers between diverging populations (1) . 43 Identifying those barriers and understanding the eco-evolutionary context in which they evolved has 44 been at the core of the speciation genetics research program (2, 3) . Over the last decade, progresses 45 in sequencing technologies have allowed to gain important insights into the genetic basis of 46 reproductive isolation barriers through the study of genome-wide differentiation/divergence patterns 47 between closely related species (4) (5) (6) (7) (8) . An important result of speciation genomics studies was that the 48 age of the alleles located within genomic regions involved in RI is often much older than the average 49 coalescent time computed across the whole genome. This finding indicates that the regions involved 50 in RI tend to be enriched for anciently diverged haplotypes. An example of this comes from the fixed 51 chromosomal inversions involved in RI between Drosophila pseudoobscura and D. persimilis, which 52 show higher divergence than collinear regions of the genome (9) . Another case is provided by the large 53 genomic regions of ancient ancestry that have been found across the threespine stickleback's genome, 54 which are involved in RI between marine and freshwater populations (10, 11) . A third example, among 55 others (see Marques et al. (2019) for a review), was described in Darwin's finches, whereby genomic 56 regions showing increased divergence in several species pairs also display anciently diverged 57 haplogroups that originated before the species splits (13) . 58 Different hypotheses can explain the origin and the maintenance of these highly divergent 59
haplotypes. First, polymorphism has possibly been maintained over the long term in the ancestral 60 population before being differentially sorted between the descendant lineages (14) . This hypothesis 61 has been proposed to explain the excess of haplotype divergence in the aforementioned examples 62 (9, 10, 13) . One mechanism that may explain the long-term maintenance of polymorphism is ancestral 63 population structure, that is, subdivision owing to barriers to gene flow in the ancestral population 64 (15) . In addition to demography, balancing selection due to either frequency-dependent selection, 65 heterozygote advantage (overdominance) or heterogeneous selection in space or time (16) can also 66 promote the maintenance of ancient polymorphisms. For instance, in Darwin's finches, balancing 67 selection has been proposed to explain the maintenance of divergent haplogroups associated with 68 beak shape, due to the selective advantage of rare beak morphologies, or changing environmental 69 conditions inducing heterogeneous selection (13) . An alternative explanation to the presence of 70 anciently diverged alleles is admixture with a divergent lineage. Contemporary hybridization has long 71 been recognized as a common phenomenon in plants and animals (17, 18) , and cases of ancient 72 admixture are increasingly detected by genomic studies. One emblematic example is past admixture 73 between modern humans and two extinct archaic hominin lineages, Neanderthal and Denisova (19-74 21) . More recently, ancient introgression from the extinct cave bear has also been detected in the 75 genomes of living brown bears (22) . Therefore, past admixture is increasingly recognized as a source 76 of anciently diverged alleles in contemporary genomes. 77
Understanding why and how divergent haplogroups tend to disproportionately contribute to 78 the buildup of RI between nascent species remains, however, highly challenging. First, because 79 retention of ancestral polymorphism and past admixture are notoriously difficult to distinguish and 80 not mutually exclusive hypotheses to explain the presence of anciently diverged alleles (23) (24) (25) (26) (27) . 81
Furthermore, identifying the genomic regions that resist introgression is still a major obstacle to the 82 detection of RI loci (28) . These tasks are now facilitated by the direct assessment of local ancestry along 83 individual genome sequences (29, 30) , thus paving the way for assessing the role of ancient admixture 84 in speciation. Here, we use new haplotype-resolved whole-genome sequences to delineate the regions 85 involved in RI between European sea bass lineages and understand the origin of the divergent 86 haplogroups they contain. 87
The European sea bass (Dicentrarchus labrax) is a marine fish subdivided into two glacial 88 lineages, which currently correspond to Atlantic and Mediterranean populations (31) . These two 89 lineages have diverged in allopatry for c.a. 300,000 years before experiencing a secondary contact 90 since the last glacial retreat (32) . Postglacial gene flow between the two lineages is strongly 91 asymmetrical, mostly occurring from the Atlantic to the Mediterranean genetic background (32) . This 92 resulted in a spatial introgression gradient within the Mediterranean Sea, illustrated by a more than 93 twofold higher Atlantic ancestry in the western (31%) compared to the eastern (13%) Mediterranean 94 population (30) . A detailed analysis of local ancestry tracts across Mediterranean and Atlantic sea bass 95 genomes has provided direct evidence for highly heterogeneous rates of gene flow along most 96 chromosomes (Duranton et al. 2018 ). This mosaic introgression pattern was attributed to the effect of 97 multiple small effect RI loci mainly located in low-recombining regions that present particularly high 98 values of nucleotidic divergence (dXY). It is generally assumed that increased dXY indicates the presence 99 of haplotypes that started to diverge earlier than the rest of the genome. However, regions of 100 Within D. labrax, divergence to the Atlantic population was higher for the eastern (0.1%) compared to 134 the western Mediterranean population (0.09%) (consistent with the PCA, Supplementary Figure 2) (Fig 2A and Supplementary Figure 4A) showed highly heterogeneous divergence 140 along the genome, as reported in previous studies (30, 32 Overall, the average fraction of contemporary genomes derived from ancient admixture was lower 240 than 6% (i.e. 5.39% in the Atlantic and 2.82% in the Mediterranean lineage), which is only slightly higher 241 than the estimated persistence of archaic ancestry in humans and brown bears (22, 49) . Another potential issue with the tests performed to detect ancient admixture is that they often 265 rely on differential introgression patterns between two candidate recipient populations (39, 40) . substrate for speciation (2) . A genomic conflict induced by a two-locus BDMI can be resolved by fixing 362 one of either parental alleles. In a hybrid population generated by an equal mixture of individuals from 363 both parental populations, there is a 50% chance of fixing either parental combination (71) . Therefore, 364 the resolution of multiple BDMIs in an admixed population offers ample opportunity to reciprocally 365 resolve independent BDMIs with respect to the origin of the parental allelic combination, which results 366 in RI from both parental populations. Even in the presence of skewed initial admixture proportions, 367 fixation of the minor parent combination can still happen with a sufficient number of BDMIs (71) . Mediterranean Sea (Gulf of Lion, 14 females ♀WME and 9 males ♂WME) and the eastern Mediterranean 404 Sea (Turkey, 10 males ♂NEM and Egypt, 9 males ♂SEM). Some of these specimens were involved in 405 experimental crosses to generate first generation hybrids. Seven F1 hybrids obtained from 7 different 406 biparental families (pedigree ♂AT x ♀WME) were also submitted to whole-genome sequencing. Table 1 
). Pools of 5 individually barcoded libraries 413
were then sequenced on 12 separate lanes of an Illumina HiSeq3000 using 2x150bp PE reads at the 414 GeT-PlaGe Genomics platform (Toulouse, France). Thirty-three individuals were sequenced twice due 415 to insufficient amounts of sequence reads obtained in the first run (Supplementary Table 1 ). For each 416 individual, the alignment of PE reads to the sea bass reference genome (32) was performed using BWA-417 mem v0.7.5a (33) with default parameters. Duplicate reads were marked using Picard version 1.112 418 before being removed, producing a mean coverage depth of 33.8X per individual (Supplementary 419 Figure 1 ). We then followed GATK's (version 3.3-0-g37228af) best practice pipeline for individual 420 variant calling (using HaplotypeCaller), to joint genotyping, genotype refinement and variant filtering 421 (using Filter Expression: QD<10; MQ<50; FS>7; MQRankSum<-1.5; ReadPosRankSum<-1.5). We used 422 the BQSR algorithm to recalibrate base quality scores using a set of high-quality variants identified in 423 a previous study (30) , and to perform variant quality score recalibration using the VQSR algorithm. 424
Hard filtering was then applied to exclude low-quality genotypes with a GQ score < 30. For the 7 425 mother-father-offspring trios, we used family-based priors for genotype refinement. We obtained a 426 total of 14,579,961 SNPs after filtering for indels, missing data (using --max-missing-count 8) and 427 removing the mitochondrial and ungrouped scaffolds (chromosome UN) in VCFtools v0.1.11 (34) . 428 We performed haplotype phasing in D. labrax after removing the D. punctatus individual and 429 merging the 59 newly sequenced genomes with the 16 genomes already obtained in Duranton et al. 430 (2018) . Fifteen individuals that were involved in family crosses (i.e. newly sequenced or not already 431 phased in the previous study) were submitted to phasing-by-transmission using the 432 PhaseByTransmission algorithm in GATK with default parameters and a mutation rate prior of 10 -8 for 433
de novo mutations. For all individuals, variants located on a same read pair were directly phased using 434 physical phasing information. Non-related D. labrax individuals were then statistically phased using 435 the reference-based phasing algorithm implemented in Eagle2 (version 2.4) (35). The 22 parents 436 phased with the phasing-by-transmission approach were used to build a European sea bass reference 437 haplotype library (F1 genomes were excluded since their haplotype information was redundant with 438 that of their parents), which was used in Eagle2 to improve statistical phasing. We finally filtered out 439 SNPs that were not phased or not genotyped over all individuals (using --max-missing-count 0 and -440 phased in VCFtools), to generate a dataset of haplotype-resolved whole-genome sequences from 68 441 unrelated D. labrax individuals (14 AT, 31 WME, 11 SEM and 12 NEM), containing 5,074,249 phased 442
SNPs without missing data. The genetic relationships of the newly sequenced genomes with respect to 443 the 16 already available was evaluated with a Principal Component Analysis (Supplementary Figure 2) . 444
Although we detected a slight genetic differentiation between North and South eastern Mediterranean 445 samples on the PCA (Supplementary Figure 2) , we later determined that they present similar genome-446 wide average levels of Atlantic ancestry and introgressed tract length (18, 148 ) is not appropriate to quantify introgression over small 485 genomic windows (39) . Therefore, we used the fD statistics ( = ( 1, 2, 3, ) ( 1, , , ) ) to estimate admixture 486 proportion between P2 et P3, were s = sum(ABBA-BABA) and PD corresponds to the most likely donor 487 population (i.e. the population with the higher frequency of the derived allele). In order to test for 488 admixture between D. punctatus and different populations of D. labrax, we made different tests using 489 successively the Atlantic (AT), eastern (EME combining SEM and NEM individuals), western (WME) or 490 the whole Mediterranean (MED) populations of D. labrax populations as P2 or P1. We used scripts 491 from Martin et al. (2015) to estimate the number of ABBA and BABA genealogies and the fD statistics 492 in non-overlapping 50 kb windows along the genome, keeping only windows containing at least 500 493
SNPs. 494
Secondly, we used a method that allows identifying archaic introgressed tracts without using 495 an archaic reference genome for the donor species (40) . The main advantage of this method is that it 496 makes no assumption on the identity of the donor species. Basically, it looks for local excesses of 497 private variants in a candidate recipient population by comparison to another non-admixed population 498 (40) . In order to test for archaic introgression within the Atlantic D. labrax lineage, we identified 499 variants that were not shared with the eastern Mediterranean population, and conversely to test for 500 introgression in the Mediterranean D. labrax lineage. We only analyzed the eastern Mediterranean 501 population because the western Mediterranean is more strongly impacted by gene flow from the 502 Atlantic (30, 32) . We used the phased genomes dataset containing 5,074,249 SNPs, assuming a 503 constant mutation and call rate to run the model in 1000 bp windows along each chromosome. For 504 each window, the probability that an individual haplotype contains an archaic introgressed fragment 505 was estimated to identify introgressed windows with a posterior probability superior to 0.8 (40) . We 506 then combined individual profiles of introgressed windows to estimate the fraction of introgressed 507 archaic tracts in each population (Farchaic), as the fraction of haplotypes for which a window was 508 identified as introgressed. The inferred fraction of introgressed archaic tracts was finally averaged in 509 non-overlapping 50 kb windows along the genome. 510
Finally, we used the RNDmin statistics, which is sensitive to rare introgression while being robust 511 to mutation rate variation across the genome (41) been more precisely estimated to 2,300 generations using a larger fraction of the genome (30, 32) . Table 2 ). The time in generations was 597 converted into years using a generation time of 5 years (32). We then obtained a distribution for Tadmix 598 across the 24 chromosomes, from which we identified the maximum and its 90% confidence interval 599 by bootstrapping the distribution 10,000 times. Figure 3) . B. Genome-wide average pairwise sequence divergence between species/lineages measured by dxy using the same individual haplotypes as for the phylogenetic relationships. 
Supporting Information Legends
Supplementary Table 1 -Summary statistics of sequencing and mapping data for each individual. Individuals whose name is in bold are those involved in crossing.
Supplementary Figure 1 -Depth of coverage per individual. Median (dark gray), first (light gray) and third (black) quartile of the depth of coverage for the 10 Atlantic males (AT), the 23 individuals from the western Mediterranean sea (14 females (F) and 9 males (WM/WME)), the 19 individuals from the eastern Mediterranean sea (9 males from the south (SEM) and 9 males from the north (NEM)), the 7 hybrids (F1) and the D. punctatus individual (Punc).
Supplementary Figure 2 -Principal Component
Analysis of the European sea bass population genetic structure. The analysis was performed on the 52 newly sequenced genomes (colored circles) and the 16 from a previous data set (1) (gray circles with colorful outline). We used the R package adegenet (2) on 91,073 SNPs with a minor allele frequency > 0.4. Individuals originated from four different geographic locations the Atlantic ocean (red, AT), the west (orange, WME), the north-east (dark yellow, NEM) and the south east (light yellow, SEM) of the Mediterranean sea. The first PCA axis explains 39.76% of the total inertia and distinguish the Atlantic and Mediterranean populations while the second PCA axis explains 6.55% of the total inertia and reveals a structure within the Mediterranean population. E. Ratio of FST and Fintro used to run the HMM approaches on 50 kb windows that rely on 3 states 1 (light grey), 2 (medium grey) and 3 (dark grey). Red points passed the control for false discovery. We defined island of reproductive isolation as continuous regions containing only red and dark grey points (red boxes). F. Ratio of FST and Fintro used to run the HMM approaches on SNPs, purple points are SNPs identified as involved in reproductive isolation that passed the control for false discovery.
Supplementary
Supplementary Figure 5 -Introgressed tract length distributions. Length distributions of
Mediterranean tracts introgressed into the Atlantic population (red) and of Atlantic tracts introgressed into the western (orange), north-eastern (dark yellow) and south-eastern (light yellow) Mediterranean populations. Distributions were generated over the whole genome using 11 individuals per population.
